We report on the growth and optical characterisation of droplet GaAs quantum dots with extremely-thin (11 nm) capping layers. To achieve such result, an internal thermal heating step is introduced during the growth and its role in the morphological properties of the quantum dots obtained is investigated via scanning electron and atomic force microscopy. Photoluminescence measurements at cryogenic temperatures show optically stable, sharp and bright emission from single quantum dots, at near-infrared wavelengths. Given the quality of their optical properties and the proximity to the surface, such emitters are ideal candidates for the investigation of near field effects, like the coupling to plasmonic modes, in order to strongly control the directionality of the emission and/or the spontaneous emission rate, crucial parameters for quantum photonic applications.
Single epitaxial quantum dots (QDs) are bright and stable sources of quantum light that have been implemented in a wide range of quantum optics and quantum technology experiments 1, 2 . To preserve the quality of the optical properties of quantum dots grown by self-assembly Stranski-Krastanow techniques, these emitters are typically buried under a capping layer exceeding 50 nm of thickness 3 . In order to control their emission properties, QDs can be coupled to confined or propagating modes, like those from optical cavities or waveguides, in cavity quantum electrodynamics experiments 4 . Another very powerful approach for the control of the emission of solid-state light sources relies on their coupling to confined plasmonic modes 5 . However, such plasmonic modes are effective at short (nanometer-scale) distances, therefore emitters, like fluorescent molecules or colloidal quantum dots, are generally deposited on the devices via spin coating or drop casting, to ensure that the emitter is in close proximity to the localised electromagnetic field 6 . Such emitters, however, often suffer from limited optical stability, thus reducing the time-scale and range of experiments that can be performed with them. In order to couple epitaxial single quantum dots to near-field confined modes, the emitter needs to be in close (few nanometers range)
proximity to the metal-dielectric interface where the plasmonic mode exists 7 and this has, thus far, made them unsuitable for plasmonic experiments, given the presence of a thick (> 50 nm) capping layer, used to ensure optimal optical properties. Attempts to observe plasmonics effects with quantum dots have been made using droplet quantum dots 8 with 50 nm capping layer in cathodoluminescence but the non-optimal optical quality and thick capping layer did not allow for the plasmonic coupling to be observable optically 9 . We have grown and optically characterised GaAs droplet quantum dots with a very thin (11 nm) capping layer. By investigating the structural and optical properties of these emitters, we show that the technique that we have developed allows the growth of stable emitters with good optical quality that are ideal candidates for investigating plasmonic and near-field effects in general.
The size, shape and density are crucial parameters for the control over the optical characteristics of QDs: the control of these factors is critical in the growth of QDs for quantum photonics applications. Droplet epitaxy has been used to grow low density QDs 10,11 , however, since this method is based on the separation of group III and V elements, a post-annealing process, such as a rapid thermal annealing, is generally conducted in order to improve the crystallinity of the droplet QDs 12 . By growing QDs at a high substrate temperature, their 2 optical properties are improved, however, the shape of QDs could be deformed and QDs can even disappear at high substrate temperature due to heating. In order to overcome this drawback, it was shown that a thin capping layer can be deposited to avoid the deformation of QDs during high-temperature growth 13 . We propose an internal thermal heating (ITH) process that, compared to rapid thermal annealing, has the merit of annealing in the ultrahigh vacuum chamber. The ITH also allows a better control over the size and shape of the grown QDs. In addition, the capping layers can be grown at the ITH temperature, that is higher compared to the temperature at which GaAs droplet QD are formed. ITH also allows to control the height of QDs, a key factor for carrier quantum confinement. Furthermore,
given the strain-free nature of GaAs droplet QDs on AlGaAs, this procedure allows the growth of very thin (few nanometer) capping layers.
In this study, we investigate the growth of GaAs/Al 0.3 Ga 0.7 As droplet epitaxial QDs grown with an ITH process. The size and density of ITH GaAs QDs is measured via atomic force microscopy (AFM) and the optical properties are assessed via micro-photoluminescence.
We grow GaAs droplet epitaxial QDs on Al 0.3 Ga 0.7 As/GaAs substrates and use an ITH process to modify the morphology of the QDs and enhance their optical properties. The growth procedure is shown in Fig. 1a . After deoxidation at ∼600
• C under As 4 , a 50 nm-thick Al 0.3 3Ga 0.7 As layer is grown on a ∼200 nm-thick GaAs buffer layer. On this layer, surface Ga droplets, GaAs droplet islands with no ITH, and GaAs islands including an ITH step are grown for comparison. The growth conditions of Ga droplets are: substrate temperature of 321 • C, 2 Ga monolayer (ML) coverage, and 0.5 ML/s in Ga flux equivalent to the growth rate of GaAs. In order to achieve uniform growth, we used a growth interruption time of 10 s after growing Ga droplets. An As 4 flux of 1×10 −5 Torr is injected on the liquid Ga droplets, near room temperature, after cooling down and the substrate temperature for ITH (T IT H )
is varied in the range 300-580
• C. The ITH needed for the formation of GaAs islands is conducted for 10 minutes, at an As 4 flux of 6×10 −6 Torr. As previously reported 14 , the ITH step can blue-shift the emission wavelength of the quantum dots, due to a modification of the shape and size of the emitter. A thin, 11 nm-thick, Al 0.3 Ga 0.7 As capping layer is grown on the GaAs islands after the ITH process: at first, an 8 nm-thick Al 0.3 Ga 0.7 As capping layer is deposited on the ITH GaAs islands at 563
• C, then, the additional capping layer of 3 nm thickness is grown at 580 • C. Typically, an initial capping layer is deposited at a low substrate temperature to avoid deformation of the QDs. However, the low-temperature 3 growth of the capping layer can reduce the optical quality of the emitters. Since in our case the capping layer is deposited at an ITH temperature of 563 • C, this can reduce the formation of defects and decrease the emission linewidth of the confined excitons 15 : it is therefore a route for improving the optical qualities of low density GaAs droplet epitaxial QDs for quantum photonics applications.
By investigating, via AFM, the QDs morphology as a function of the ITH temperature, we see that the height of GaAs QDs can be controlled by the ITH process with no significant change in the QD width and density (see Fig.1b,c,d ). The height of the GaAs islands starts decreasing when the ITH temperature reaches about 500
• C. At a temperature of 563
• C, the height of the GaAs islands is measured to be 8. The density of Ga droplets, GaAs islands, and ITH GaAs islands is shown in Fig. 1d and appears to be the same for the three different species under consideration and is of about 6 droplets or islands per micrometer square (see also Fig. 2c ). Concerning droplet epitaxial growth, the change in density of GaAs islands after crystallization at a low substrate temperature is typically negligible. In the case of Ga droplets, it significantly changes as a function of the substrate temperatures, a phenomenon which can be explain by Ostwald ripening, whereby larger clusters grow at the expenses of small clusters, thus decreasing the total density. However, no significant density change of the ITH GaAs islands is observed, although we note that the effect of Ostwald ripening can be accelerated by an increase of the substrate temperature 18 . The present result implies that GaAs droplet islands can endure a T IT H of ∼500
• C with no increment of droplet size at the expenses of smaller islands but with a reduction of material from the top of the islands.
During our growth, the ITH process is conducted in an As 4 atmosphere of 6×10 −6 Torr 4 to prevent severe deformation of GaAs islands due to re-evaporation of As 4 by heating. The results in Figures 1b,c,d show that the height of the GaAs islands can be controlled by ITH without any significant modification to their width and density. Given the control over the height of the ITH GaAs islands, deposition of even thinner capping layers, while still preserving quantum confinement effects, is expected to be possible.
In Fig. 2b , we show that, given the proximity of the GaAs islands to the surface, they are visible under a scanning electron microscope (SEM), therefore allowing an easy deterministic integration within nanophotonic devices, using SEM techniques developed for buried techniques like combined photoluminescence and atomic force microscopy 28 could thus be easily and effectively implemented to study growth characteristics and/or deterministically embed single emitters within engineered photonic devices.
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